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ABSTRACT

Hi-Nicalon fiber reinforced celsian matrix composites were characterized by Raman

spectroscopy and imaging, using several laser wavelengths. Composite #1 is reinforced by as-

received fibers while coatings of p-BN and SiC protect the fibers in composite #2. The matrix

contains traces of the hexagonal phase of celsian, which is concentrated in the neighborhood

of fibers in composite #1. Some free silicon was evident in the coating of composite #2 which

might involve a {BN + SiC ---> BNC + Si} "reaction" at the p-BN/SiC interface. Careful

analysis of C-C peaks revealed no abnormal degradation of the fiber core in the composites.

INTRODUCTION

Ceramic fiber-reinforced ceramic matrix composites (CMCs) exhibit a number of

remarkable properties including light weight, refractoriness and chemical inertness.

Moreover, their ability to retain good mechanical performance (high tensile strength and

modulus, large fracture energy, and damage tolerance) at elevated temperatures, including in

corrosive or oxidizing atmospheres, has driven the aircraft and space industries to try to
incorporate them in rockets and turbine engines. SiC/celsian composites, for instance, are

anticipated to withstand 1500°C in use conditions.t Indeed, SiC fibers exhibit good oxidation

and creep resistance, up to _1300°C for the Hi-Nicalon grade, 2 or even more for the new

generation of fibers) As for celsian, a barium aluminosilicate (BAS), not only is it refractory

(melting point -1760°C4), but it is also oxidation/corrosion resistant 5 and has rather low

thermal expansion. 4

Composites are heterogeneous; thus there is a need for microscopic, in-situ, identification

and characterization of the phases. Raman micro-spectroscopy is particularly well suited for

these purposes, and might become a "routine" method for composites analysis. This technique

is sensitive to the chemical bonds (stretching and bending modes) as well as their relative

organization (vibrational and external modes) and allows analysis whatever the state of

tLaboratoire Dynamique-lntemctions-R6activit6 (LADIR), UMR7075 - CNRS & Universit_ Pierre el Marie Curie. Thiais, Val de Marne,
94320, France

2D6partement Mat6riaux & SystSmes Composites _DMSC), Office National d'Etudes et de Recherches A6rospatiales (ONERA), ChatiUon,
Hauts de Seine, 92322, France
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polymorphism or crystallinity of the compounds. 6,7 Besides, Raman spectra can be used to

evaluate the residual stress arising from the coexistence of phases having different

coefficients of thermal expansion (00. 6-8 The knowledge of residual stress is helpful in
assessing the reliability of composites. But the models for life prediction do not account for

matrix crystallization 9, which is likely to occur at elevated temperatures required for CMCs
consolidation.

In the first part of the paper, we use Raman micro-spectroscopy to locate and identify

various phases in celsian matrix composites reinforced by uncoated or p-BN/SiC-coated
Hi-Nicalon fibers. Results will be compared to macroscopic spectra, to see if the latter are

sufficient to characterize the different samples. BN (nominal thickness 0.6jam) is intended to
improve the mechanical behavior, but it is still reactive with the matrix and has to be

protected with a SiC over-layer (~0.25_m). 10-1-_Celsian is found in several forms, usually a

monoclinic tectosilicate (3D-feldspar network), or a hexagonal diphyllosilicate (layered
network). The knowledge of monoclinic celsian (MC) and hexagonal celsian (HC)

preferential location will be of prime interest, knowing that O_ncis higher than CZMC,13because

of lower density of HC and layered structure, cz varies over a wide range depending on the

Si/A1 ordering in the slabs, the barium stoichiometry and also the synthesis and annealing
history. 14

In a separate later paper, part 2, _5 the fiber stress state as well as the influence of the

double coating will be assessed experimentally.

EXPERIMENTAL PROCEDURE

RAMAN EQUIPMENT

All Raman spectra were recorded with a "XY" spectrograph (Dilor, France) equipped

with a double monochromator filter and a back-illuminated liquid nitrogen-cooled 2000 x

800 pixel CCD detector (Spex, a division of the Jobin-Yvon company, France). The spectra

could be recorded either in "macro-configuration" (laser impact about 100-300 lam diameter)

or, alternatively, in "micro-configuration" after focusing through a magnifying objective

(impact reduced to lfam diameter). The source, an "Innova 70" Argon-Krypton laser

(Coherent, USA) permitted working with blue (457.9 and 488nm), green (514.5 and
530.9nm) or red (647. lnm) exciting lines. A motorized X-Y displacement table was used to

map the surface of the samples (step by step recording). With the 1800 lines per mm grating

used in the monochromator, the wavenumber window ranged typically from 400 cm l

(red laser) to 1000 cm -l (blue laser). Larger windows required merging separate recordings.

For the standard 120 lam opening of the slits, the resolutions were approximately 0.25 and
0.55 cm -t in red and blue, respectively. Typical power levels used were 1 or 2 mW (on the

sample).

COMPOSITE FABRICATION

Composites were unidirectional with 12 plies containing either (composite #1, fiber

volume fraction Vf = 35%) flame-desized Hi-Nicalon fibers or (composite #2, Vf = 28%)

Hi-Nicalon fibers that had been coated by chemical vapor deposition (CVD) with a layer of

pyrolytic boron nitride (p-BN; deposition temperature 1400°C, thickness --0.61am) and an

outer layer of SiC (deposition temperature -1200-1300°C, thickness -0.3 lam). i°-12 Fiber-
reinforced composites were fabricated as described elsewhere. 10._1 The matrix was

consolidated by hot pressing. A mixture of BaCO3, SrCO3, A1203 and SiO2 powders, in the
right proportions to give a (0.75Ba/0.25Sr)Ab_Si208 final composition t0.11.16was first calcined

and then used as a powdered precursor to the matrix.
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SAMPLE PREPARATION FOR RAMAN ANALYSIS

Before examination, samples were polished with abrasive paper and diamond paste

(lpm). Due to the low transparency of the celsian (<20ktm), no fiber spectra could be

recorded through the matrix and most mappings were performed on sections polished

perpendicular to the fiber direction (cross sectional mapping). One piece of composite #2 was

polished with an approximate 15° 0 angle between the fiber plies and the surface, in order to
/__'x

thickness four times higher than the "true" one (sin-_lz-_-] =map an "apparent" interphase
_.1:)

3.86).

SPECTRA TREATMENT

The procedure for the fitting of the carbon spectra has been discussed elsewhere. 17As for

celsian spectra, their treatment started with the subtraction of a linear baseline attached to the
limits of a restricted working window (380-445 cml), followed by a 4-band fitting (Labspec

software, Dilor, France). The bands were characterized by their half height width (w) and

their form, which could be changed continuously from purely Gaussian to purely Lorentzian

by a "Gauss proportion" g (0<g<l). w and g values were fixed for each band on the basis of

preliminary testing. The main band of the MC phase (508 cm q) was fitted separately with

unset g and w values.

RESULTS

MATRIX EXAMINATION: CELSIAN POLYMORPHISM AND ITS LOCATION

Figure l(a) shows matrix spectra of composites #1 (uncoated fibers) and #2 (coated

fibers) with the spectrum of a fiber-free monolith, for comparison. The bands could be

attributed by comparison with spectra recorded on pure HC and (Li-doped) pure MC

monoliths. 5 Due to MC lower symmetry, its spectrum has many more lines than that of HC.

From the molecular point of view, the main band for both phases originates from the v2

bending of SiO4 tetrahedra, 5 which are either isolated (HC), or linked by oxygen ions (MC).

This is usually the strongest mode in structures consisting of connected SiO4 rings and in
tectosilicates in general. This band is located at 406cm -l (g = 0.80; w = 5.00 cm _) in HC and

508 cm -l in MC. Figures l(b) and l(c) present two spectra series recorded as a function of the
distance to the nearest fiber in composite #1 and composite #2, respectively. The fitting in the

380-440cm -I range led to mean values of 392 cm -l (g = 0.45; w= 4.50 cml), 408.5 cm 1 (g=

0.55; w= 8.50 cm 1) and 428 cm q (g= 0.15; w= 6.50 cm q) for the MC peaks. Figure l(d)

shows the 1406/1508and 1406/I4__sratios calculated from a fitted series of spectra recorded on

another area of composite #2 than is shown in figure 1(c), with another laser line.

THE INTERPHASE MATERIALS IN COMPOSITE #2

Figure 2 shows a large coating thickness variation from fiber to fiber, especially for the

SiC layer. Some SiC layers were also broken.

BN coating: Figure 3(b) compares Raman spectra recorded on some BN layers of

composite #2. The spectra of the cubic (c-BN 18) and hexagonal (h-BN) crystalline forms of
boron nitride are given for comparison in figure 3(a). The carbon spectrum recorded on the

core of a fiber of composite #2 is also given in figure 3(c). Although c-BN 19and h-BN have

medium Raman efficiencies, figure 3(b) exhibits a huge signal scattering, protruding from a

wide background. The 457.9nm-excited spectra are even an order of magnitude more intense

than the carbon spectrum of figure 3(c), recorded under the same conditions. Carbon being
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resonant,we might concludethe BN coatingis alsoresonantandhasa hugeelectronic
absorptionin thevisiblerange,but thiswill bediscussedfurther.Resonancewouldexplain
whyspectrachangein figure 3(b)accordingto the wavelength.We alsoobservedchanges
accordingto the areaunderexaminationand theremust be strongchemical/structural
heterogeneityat themicroscopicscalein theBN layers.Yet,BN coatingscatteringallowed
for easyimaging,asshownin figure4(b).It is basedonspectrarecordedfor eachpointin the
opticalmicrographof figure4(a). TheBN layerswereeasilylocatedbasedonthe Is peaks.

SiC overcoating: The mapping of figure 5(b) was performed on the sample of

composite #2 polished at a 0 angle of -15 °. The distance separating consecutive recordings

was llam, but would correspond to 0.26 _tm for a "right angle" scanning of the SiC layer

(0 = 90°). Figure 5(a) gives spectra representative of what was recorded elsewhere in
composite #2.

SiC structures are formed by alternating layers of Si and C atoms. Two consecutive

layers form a "bilayer" which is named "h" if it is deduced from the one below by a simple

translation. If not, when an additional 180 ° rotation (around the Si-C bonds linking the

bilayers) is necessary to get the superposition, then the bilayer is named "k". The "k-only"

stacking is the reference structure of cubic symmetry (3C-SiC in Ramsdell notation20). Any

other definite stacking sequence defines a peculiar structure and this is called polytypism. 21
More than 130 polytypes of SiC have been reported. 22 They have either hexagonal or

rhombohedral lattice symmetry and are named NH or NR (Ramsdell notation), where N is the

number of bilayers in the unit cell. 23 The peaks that protrude from a continuous background

in figures 5(a) and 5(b) indicate a dominating contribution of one or several polytypes. These
peaks were systematically detected, but figure 5(a) shows great discrepancies in their relative

intensities. The "main" peak is centered at 796 cm l. Other peaks are located around 765,
785.5 and 966 cm -t, with a weaker feature around 702 cm -1.

In addition, the presence of a "free" silicon phase (v - 520 cm -)) is obvious in figure 5,

but was not systematically analyzed. Two unidentified lines of approximately 10 cm -I half-
height widths were also detected in some instances around 1017 and 1047 cm -l.

THE FIBERS

Figure 6(a) presents two carbon spectra recorded on a polished section of composite #1
with the 514.5 cm -t line; one in "macro-configuration (simultaneous analysis of tens of

fibers), the other one in "micro-configuration" (single fiber core analysis). Figure 6(b) shows

analogous "micro-configuration" spectra recorded with three visible wavelengths (_,).

Wavenumber and intensity changes like those observed as a function of _ are characteristic of

a "resonance" phenomenon. 24 As a matter of fact, while SiC is the main phase in the Hi-
Nicalon fiber (C:Si atomic ratio is about 1.425), SiC is not detected at all. 26 Even in the latest

nearly stoichiometric grades (C:Si -1.05 in the Hi-S 27 and UF 28 fibers, 1.08 in the SA

grade29), the carbon spectrum remains more intense than the SiC signal. Figure 7 illustrates

the mean spectral parameters of the Hi-Nicalon fibers measured at different stages of the

process, from the reception to the finished composite. The extracted fibers used as "reference"

fibers were taken from composite #2 after matrix crushing in an agate mortar. Such fiber

extraction could not be achieved in the case of composite #1, due to fiber strength

degradation from mechanical damage during composite processing t0 and/or the nature of the

interface. Figures 4(c) and 4(d) present the same kind of analysis as in figures 4(a) and 4(b),
but were performed on composite #1. In this case, the resonance of C-C bonds made fiber

imaging quite easy.
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DISCUSSION

THE FIBER SPECTRA AND FIBER DEGRADATION

First band assignments in disordered carbons date back to the early seventies, 3° but the

subject is still being discussed. Pure diamond and graphite having sharp peaks at 1331 and
1581cm _, respectively, the first temptation was to assign the main two bands of amorphous

carbons to diamond-like and graphite-like entities. This is the reason why the bands were

named D and G (see figure 6). 31 There is actually no doubt that the G band ensues from the

stretching mode of Csp 2- Csp2 bonds (E2g symmetry in graphite crystals). As for D, its
attribution is complicated by its strong resonant character, evidenced by a high dependence of

the intensity and position (# 50 cm-l/eV) on wavelength 32 as well as an enhancement of the

"2XVD" and "vD+vo" harmonics under blue excitation. 33,34 As a matter of fact, resonance
excites the bonds and makes the usual "structural approach" inappropriate. Because the

diamond cross-section is much lower than that of graphite (9.1x10 -7 and 5×10 .5 cm-l/sr,

respectively 35) a weak Csp3-Csp 3 stretching mode should be expected. Csp2-Csp 3 bonds must

concentrate at carbon crystallite grain boundaries, in contact with the favorably

sp3-hybridized Si and C atoms of the SiC fiber network. The density of these bonds is
proportional to L 2, where L represents the mean size of graphitic moieties, while Csp2-Csp 2

density should obey L 3 dependence. As a matter of fact, the intensity ratio IrdlG is

proportional to L-t 30 which not only allows for crystal size analysis, 36 but also supports an

assignment of D to the Csp2-Csp 3 stretching mode. 37 Moreover, D falls in the range of bands
detected in new forms of carbonaceous species like C70 and tubular fullerenes where angled
,,¢-, 21-, 3,,

_sp "_sp bonds dominate the structure. 26 However, in disordered diamond, the 1331cm -I

single peak of "Csp3-Csp 3'' single bonds, which must be abundant in SiC fibers (dominated by
. sp 3 hybridization), is broadened and its wavenumber increases up to 1340 cml. 38 We detect

frequencies as high as 1355cm l, which must indicate a high dispersion in length and angles.

Some Csp3-Csp 3 contribution to the low wavenumber side is also possible since D is

abnormally large for a "single band". A component was even clearly evidenced in the case of
the NLM-Nicalon fiber observed under red excitation. 6 In conclusion, we think the D band

should be attributed to vibrations involving "Csp3-Csp3/sp 2" bonds. But 6-->c* lowest electronic

transitions in graphite have gaps in the UV range and only n-->rc* transitions could explain

resonance for visible range laser excitations. 32 It has been proposed that D is a mode of

graphite vibration density of state CVDOS"), after "Brillouin zone folding", very common in

highly disordered materials, and selective enhancement by the rt---_n* transition

corresponding to each visible line.
The so-called "graphite-like" band is in fact a doublet, well resolved in recent grades 39 of

fibers. G band at #1595 cm -1 has a shoulder, around 1625 cm l, which was named D' since it

behaves in many ways like D. 4° There is a problem in fitting such overlapping contributions

(see for example Wagner et al41). Besides, there is a disturbing contribution of carbon bonded
to heteroatoms. 36,42Lastly, D' "resonance" disturbs G. The carbon atoms contributing to the

D band should be better incorporated to the SiC network than those corresponding to G, in the

bulk of graphitic entities.

Figure 6(a) underlines that a spectrum recorded in macro configuration looks very similar

to the spectra recorded on single fiber under a microscope. We are in a favorable case where

the spectrum is not disturbed by contributions from other phases (like BN in composite #2)
and carbon bandwidths could be used to characterize the repartition of the different

configurations. A microanalysis would probably remain necessary to study the influence of
environment (distance and number of closest fibers, contact with a neighboring fiber,

proximity of a fiber crack or damaged parts of the matrix...). Figure 7 shows that spectra are

hardly altered when the coatings are applied. A more interesting finding for composite #1
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which needs to be checked is that the bandwidth, hence the chemical state 6, of fibers extracted

from the composite has, within the measurement error, the same value as for the pristine

fibers. No significant degradation has occurred, but the slight band narrowing shows,
however, that the structure has somewhat evolved and that the stability limit is reached, as

confirmed by "reference curves" for freestanding fibers.6, 26 A specific surface study would
probably be useful.

MATRIX POLYMORPHISM AND ITS ORIGIN

Because the MC phase is thermodynamically stable from room temperature to 1590°C,

one will want this phase to predominate for thermostructural applications of barium

aluminosilicates. Yet, HC usually forms first and most synthesis routes lead to MC/HC

mixtures. 5 Although long time thermal annealing (> 1500°C, > 20hrs) allows nearly full HC to

MC conversion, 43,44it must be avoided to prevent degradation of fiber properties and, mostly,
to avoid volume changes and subsequent micro cracking of the matrix. The solution for lower

temperature (T< 1200°C) MC synthesis is sol-gel processing,_3,14 but helping the formation of
MC is also possible by adding alkali/alkaline-earth mineralizers like Li ÷ 45 (BLAS) or, in our
case, Sr 2+ (BSAS). As a matter of fact, figure 1 shows that the BSAS matrix contains mere

traces of the HC phase. Its main band (around 406 cm -1) is indeed hardly visible in spite of a

very high Raman efficiency compared to that of MC. 5._4 X-rays patterns did not detect any

HC in the hot pressed monolith, nor in fiber-reinforced composites. Figure l(a) suggests that

the HC signal vanishes when fibers are incorporated in the celsian matrix. Knowing that a
migration of Ba 2+ ions has been reported from Li-enriched celsian matrices to reinforcing

fibers of the NLM202 grade, 5,_3one would expect the same phenomenon to also occur for the

Ba-free Hi-Nicalon fibers reinforcing composites#1 and 2. This would result in a matrix Ba

deficit, which has been proposed as an explanation for HC formation. 46-48 Yet, scanning
microprobe analysis did not detect Ba/Sr diffusion from the matrix into the uncoated fibers

(unpublished results). Due to its lamellar structure, HC should cleave easily and might play
an important role in the mechanical properties of the composite if it concentrated as a second

phase in the neighborhood of fibers, as figure l(b) suggests in the case of composite #1

(uncoated fibers). The fibers of composite #2 are covered by a p-BN/SiC interphase which is

still Ba-free. Figure l(c) does not show any preferential concentration of HC around the fibers

of composite #2; rather, tiny HC domains form from place to place, even in fiber-free regions.

Microscopy and EDS analysis revealed a bright phase deficient in AI and Ba. 1°A6 It might

correspond to HC. In fact, due to the background rising as a function of decreasing distance to

the nearest fiber, we did not get information closer than 6 _tm from each coated fiber in

composite #2, but the HC proportion did not seem to be increasing. Other composite #2

probings confirmed this trend. The protective p-BN/SiC coating probably hinders the Ba
migration as expected from composite #1 behavior.

Since both the 508 cm l and 406 cm -l peaks correspond to the bending mode of SiO4

tetrahedra in the frameworks (v2), their ratio could be used to estimate MC and HC relative

concentrations. Figure l(d) shows an almost perfect correlation exists between the ratios

1406/I508and 1406/1428.The latter ratio might be able to measure very small HC concentrations,

on the basis of a calibration that is still to be done. Besides, the good agreement of figures

l(c) and l(d) shows any region is representative of the whole sample. Note that our fitting
procedure takes a 410 cm _ MC contribution into account, which explains how the ratio

occasionally vanishes. One must assume HC is totally absent from the corresponding points.
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INTERPHASE ANALYSIS IN COMPOSITE #2

Nature of the p-BN coating: BN was used as a compliant layer for protecting the fibers.
In h-BN (graphite-like structure), only the Ezg lines are Raman active. Points at 52 cm -l (42

cm -1 in graphite) and 1366 cm 1 (1581) were observed with the 514 nm line. 495° A value of
1381 cm -l was found with the same line in the case of an h-BN film. j9 As for c-BN (diamond-

like "blend" structure), it has TO and LO Raman modes at 1056 and 1306 cm -l (These modes

are degenerate at 1333 cm -_ in diamond). 5°,5_ In the specific case of composite #2 interphase,

the high level of scattering made it difficult to analyze but the vertical lines drawn on figure
3(b) underline characteristic components we found at 1230 and 1366 cm 1 for blue and green

excitations. These features were also present on a spectrum we recorded with a red laser line

(_-647. lnm), with an additional feature around 1320 cm -1. Our spectra are very similar to the

spectra recorded between c-BN and h-BN domains by Eremets et al, which also exhibited a

wavelength dependency. 52 All the features being present whatever the excitation, they

correspond to definite vibrational modes with contributions of other types superimposing
(fluorescence?). If the 1365.8cm -1 band was due to carbon, it would shift according to the

wavelength. Rather, we clearly have a h-BN contribution, but the 1230 cm -_ feature might

correspond to the LO mode of c-BN, which has already been detected around 1260 cm 1 in

nanoprecipitates,19 due to strain-induced bond length changes or the presence of defects such
as vacancies or heteroatoms.

The high scattering we observed from our BN layers has already been reported for h-BN

powdered samples. 49 Since the h-BN bandgap is higher (>5eV) than the visible laser's energy,

a resonance-based explanation must involve a BNC solid solution formation, with electronic

absorption in the visible range. Harmonics should be visible in the 2650-2750 cm -_ region in

case of resonance. We could not detect them, but the harmonics are usually weak. As for the

background, it must originate from fluorescence due to cracks or impurities trapped in the

macro/micro-porosity. We sometimes observed a background reduction after a long time laser

illumination and contamination is thus likely. Some "free" carbon is obviously detected in

figure 3(b) (vertical line at 1590 cm 1) and we infer diffusion in the BN network. It must

however be noted that boron carbides can give significant Raman intensity in the range
1200-1600cm-l. 53 As for C-N bonds, their vibrations are in the ranges 1200-1250 cm t for

single bond 54 and 1470-1520cm -1 for double bond. 55 They are usually associated with the

formation of chromophore species or even with electronic delocalization, making them

absorbent in the visible/UV domain. In structures including atoms of very close masses such

as B, N and C, vibrational coupling between the different stretching modes systematically

occurs and a simple "molecular approach" is inappropriate. An XPS analysis in selective

sections of the BN layers is required for a more complete discussion. But we have trends

similar to carbon nanoprecipitates, with a major contribution of "E2g" modes (hexagonal

planes) and a size/disorder-activated cubic-like contribution.

The SiC over-coating: The mapping of figure 5(b) indicates "free" silicon is present in

the SiC deposit surrounding the fibers of composite #2 (v -520 cm-l). However, we found

other SiC ring sections which did not show any silicon signal. Detecting silicon is in

agreement with previous scanning auger microscopy studies that found a 300nm Si-rich SiC

zone. 12,56Figure 8 presents the raw peak intensities that were measured for all the phases

detected in figure 5(b). The silicon profile indicates a preferential location at the very

p-BN/SiC interface, where intensity would be at maximum if the laser was not already

somewhat overlapping the BN layer. EELS analysis of a boron-doped SiC showed presence

of boron at SiC grain boundaries. 57 With boron replacing silicon atoms, it is therefore not

surprising to find "free" silicon in the region in contact with the BN layer. This might result
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from (i) theexistenceof atransitionalCVDatmospherewhenBN precursorsarereplacedby
theSiCprecursorsor (ii) a SiC/BNinterdiffusionduringthehotpressingstage.Thesteady
vanishingof thesiliconsignalsuggestsdiffusionacrossSiCtowardsthematrix,wheresilicon
is no longerdetected.Si depletionis supposedto occurat 1600°Conlyin "bare"Hi-Nicalon
fibers,2butareactionwith thematrixis possible.It lookslike thereisa {BN + SiC--_BNC
+ Si} reactiontakingplace,whichwouldaccountfor BN signalenhancement(aBNCsolid
solutionwouldhavea highelectronicabsorption).Theonly wayto know whatdoesoccur
wouldbe to analyzea fiber as it is receivedafterthe BN/SiCdeposition.Theobservation
wouldrequireembeddingin nickelfor thesamplesto bepolishedcorrectly(electrochemical
deposit,seeGouadecet a158in thecaseof aTextronSCS6fiber).

TheSiClayerphasewasintendedto becrystallineandactasa diffusionbarrier.llYet,
thebackgroundon thespectraof figure5 indicatesacertainlevelof disorder,increasingon
thematrixsidewith regardtotheBN side(5(b)).AsproposedbyKarlin& Colomban,26such
backgroundresultsfrom a disorder-activatedBrillouin zonefoldingwhichmakesthewhole
VDOScontributeto the spectra.However,four peaksprotrudefrom the backgroundand
indicateonepolytypeis dominant.Only in I3-SiCaretransverseopticmodes,TO_andTO2,
degenerate.TO1pointsoccurat 796cm-l whateverthepolytype,butTO2,a satellitelineof
lower intensitythanTOt is shiftedaccordingto thepercentagep (where0<p<100)of "h"
layersin the polytype.59A 3.3 %/cm1 dependencywasfoundon thebasisof datafrom
Feldmanet al 6° and Salvador & Sherman. 23 The 785.5 cm _ peak should then correspond to

the TO_, mode of a p=34% polytype. The closest among the most common we have data on

(4H 60, 6H61, 62, 8H 59, 15R60, 62, 21R 60, 27R 63, 33R 63) is the 6H polytype (p=33%). It

must be noted that 8H (p=25%) and 21R (p=28%) have their TO2 peak in the same region, 64

but only 6H happens to have a mode at -768 cm l, which we detect. Besides, 6H longitudinal

optic (LO) mode is expected at the 966 cm -l value we measured (972cm -t in 13-SIC). Two 6H

acoustical (low energy) modes are expected at 140 and 150 cm l and we did find spectral

features around 125 and 150 cm -1. Given the background they protruded from, these modes

might be considered the same. Then, the SiC nature is different in the SiC layer of

composite#2 (6H-SiC) than in the fibers (x-rays studies evidenced 13-SIC crystallites). This

might result in a difference in Si/Ba exchange, which was suggested above as an explanation
for HC formation.

On the BN side of the SiC coating, B-O vibrations might overlap with the TO/LO
fingerprint of SiC. They appear at 807 cm -1 in pure B203, but can be detected from 770 to

885 cm -l in B203-based structures. 65 Lastly, the presence of a 702cm -l component in SiC

compounds has, to our knowledge, never been reported before.

SUMMARY

Raman spectroscopy is useful for the physical and chemical analysis of multiphase

materials like composites. Its high spatial resolution allowed us to investigate phenomena

taking place in a thin BN coating: a BNC phase (solid solution?) develops as a result of

C/BN interdissolution and a pseudo reaction between BN and the SiC overlayer releases

some silicon. The Raman scattering efficiency of hexacelsian makes it far more detectable

by Raman spectroscopy than by X-rays. Hexacelsian formation seems to be favored near the

fibers; this might result from Ba/Sr atoms diffusing into the fibers or nucleating effect
of elements at the fiber surface. The fibers do not seem to degrade chemically during

composite fabrication, but their spectra depend on the residual stress, which will be

investigated in part 2.
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Figure 1: (a) Celsian spectra recorded with a mobile mirror scanning the laser along 50 lam

lines on the samples section (_, = 488nm, Ospot= 1 lam, P = 4 mW): (1) unpolished monolith

(recording time = 2700s) (2) polished composite #1 (2700s) (3) unpolished composite #2

(coated fibers, 1800s). All peaks except those with a HC label correspond to the MC phase;

(b) Spectra recorded "in line" on composite #1 surface, as a function of the distance to the

closest fiber (labels) - _, =458nm, P = 4.5 mW, t = 1800 s, slit = 120 lam; spectra in bold

have a significant HC contribution; (c) Spectra recorded "in line" on composite #2 surface, as
a function of the distance to the closest fiber (labels) - _, = 514.5 nm, P = 6 mW,

t = 2700s, slit = 75 lam; (d) Comparison of the ratios I4o6/I508 (circles) and 1406/1428(triangles)

calculated after fitting from a mapping between two fibers of composite #2 (_, = 647 nm,

step = 2 _tm, P = 7 mW, t = 1200 s); Zero means no HC is detected.

NASA/TM--2000-210349 13



a)

c)

Fimn'e 2 - Optical micrographs of representative fibers (average diameter = 13 lam) in

composite #2: (a) No visible SiC layer; (b) "Thick" SiC layer; (c) Broken SiC layer; The
white spots in (a) and (b) are laser impacts.
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Figure 3: (a) Spectra of the cubic and hexagonal forms of BN. h-BN spectrum (632.8 nm) is

from a ceramic grade powder (Herman Starck, Berlin, Germany). c-BN spectrum is

reproduced after Werninghaus et a118 (lmm thick single crystal, blue laser). (b) BN spectra

recorded on composite #2 (c) one Hi-Nicalon fiber "core spectrum" recorded in the same

spectral domain.
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a) c)

b) d)

Fimare 4 - (a) Optical micrograph of a composite #2 polished section; (b) The corresponding
map is related to the area of spectra recorded for all white dots from 994 to 1784 cm -l

(_, = 514.5 nm, P = 2 mW, t = 1 s); (c) Optical micrograph of a composite #1 polished
section; (d) The corresponding map is related to the area in the 1250 - 1450 cm -1 range

(carbon "D" band; see text) on spectra recorded for all white dots (_ = 514.5 nm, P = 2 mW,
t = 90s).

NASA/TM--2000-210349 16



4
t_

co

c
--I
o
0

400

b)

796
50

a) 785_

,.. ....

m I i I i I

600 800 1000

520

50:

o

I

400

796

765/] Qfi6

I I I i I

600 800 1000

-1
Wavenumber / cm

Fimare 5: (a) Spectra of SiC rings in composite #2 with X = 514.5 nm, P = 2 mW (up: 1 hour;

down: 900s) and X = 647 nm (intermediate: 5mW, 900s) (b) Spectra recorded in composite

#2 (X = 514.5 nm, P = 2 mW, t = 1200s) from a BN/SiC interface (top) to the celsian matrix

(bottom). The step between consecutive spectra is l#am, but corresponds to 0.25 _tm across

the SiC layer thickness (see text).
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Colomban 6 and Gouadec & Colomban 66 (solid = treatment in air; dots = reducing
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